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Summary
The BOREAS Staff Science Satellite Data Acquisition Program focused on providing the research teams with the remotely sensed satellite data products they needed to compare and spatially extend point results. MRSC and BORIS personnel acquired, processed, and archived data from the AVHRR instruments on the NOAA-11 and -14 satellites. The AVHRR data were acquired by CCRS and were provided to BORIS for use by BOREAS researchers. These AVHRR level-4c data are gridded, 10-day composites of surface parameters produced from sets of single-day images. Temporally, the 10-day compositing periods begin 11- Apr-1994 and end 10-Sep-1994 . Spatially, the data cover the entire BOREAS region. The data are stored in binary image format files. Note:
that some of the data files on the BOREAS CD-ROMs have been compressed using the Gzip program.
See section 8.2 for details. 
Discussion
The level-4c product is based on level-4b, which is further processed to remove or mitigate some artifacts caused by the input data or the compositing process. The artifacts of concern are atmospheric contamination and bidirectional reflectance effects for AVHRR channels 1 and 2, and atmospheric and surface emissivity effects for AVHRR channel 4. The processing was carried out at CCRS using specifically designed software and procedures (see Section 9 for details). The spatial and temporal coverage of the level-4c product is identical to that of the level-4b product. The AVHRR is capable of operating in both real-time and recorded modes. Direct readout data were transmitted to ground stations of the automatic picture transmission (APT) class at low resolution (4 x 4 km) and to ground stations of the high-resolution picture transmission (HRPT) class at high resolution
(1 x 1 km). AVHRR HRPT data were received for the BOREAS region by the CCRS Prince Albert Satellite Station (PASS). AVHRR-LAC data used in BOREAS were collected onboard the NOAA-9, -11, and -12 polar orbiting platforms.
Only NOAA-11 and -14 data were processed as level-4c products.
4.1.3
Source/Platform Mission Objectives The AVHRR is designed for multispectral analysis of meteorologic, oceanographic, and hydrologic parameters. The objective of the instrument is to provide radiance data for investigation of clouds, land water boundaries, snow and ice extent, ice or snow melt inception, day and night cloud distribution, temperatures of radiating surfaces, and SST. It is an integral member of the payload on the advanced TIROS-N spacecraft and its successors in the NOAA series, and as such contributes data required to meet a number of operational and research-oriented meteorological objectives.
4.1.4
Key Variables Emitted radiation, reflected radiation.
Principles of Operation
The AVHRR is a four-or five-channel scanning radiometer that detects emitted and reflected radiation from Earth in the visible, near-, middle-, and thermal-infrared regions of the electromagnetic spectrum. A fifth channel was added to the follow-on instrument designated AVHRR/2 and flown on NOAA-7, -9, -11, and -14 to improve the correction for atmospheric water vapor. Scanning is provided by an elliptical beryllium mirror rotating at 360 rpm about an axis parallel to that of Earth. A two-stage radiant cooler is used to maintain a constant temperature for the infrared detectors of 95 K. The operating temperature is selectable at either 105 or 110 K. The telescope is an 8-inch afocal, all-reflective Cassegrain system. Polarization is less than 10 percent. Instrument operation is controlled by 26 commands and monitored by 20 analog housekeeping parameters.
Sensor/Instrument
Measurement Geometry The AVHRR is a cross-track scanning system. The IFOV of each sensor is approximately 1.4 milliradians, giving a spatial resolution of 1.1 km at the satellite subpoint. There is about a 36-percent overlap between IFOVs (1.362 samples per IFOV). The scanning rate of the AVHRR is six scans per second, and each scan spans an angle of +/55.4
degrees from the nadir.
4.1.7
Manufacturer of Sensor/Instrument Not available at this revision.
Calibration
The thermal-infrared channels are calibrated in-flight using a view of a stable blackbody and space as a reference.
No in-flight visible channel calibration is performed. Channel 3 data are noisy because of a spacecraft problem and may not be usable, especially when the satellite is in daylight (Kidwell, 1991). 
Specifications

Tolerance
The AVHRR infrared channels were designed for a Noise Equivalent Differential Temperature (NEdT) of 0.12 K (at 300 K) and a signal-to-noise ratio of 3:1 at 0.5-percent albedo. After the entire block has been decommutated, the PRTs are checked for pattern correctness. A valid PRT pattern consists of a PRT reference count whose value is less than 10 followed by four PRT counts whose values are greater than 10. After decommutation, the PRT counts are filtered, and the mean and standard deviation of each PRT are computed. The mean PRT counts are then converted to temperature using the formula:
Frequency of Calibration
where: T(1) = the temperature of each of the four PRTs C(i) = the PRT coefficients from CPIDS M(j) = the mean count of each of the four PRTs
The mean of the four PRT temperatures is then computed to get the temperature of the blackbody. The blackbody temperature is used to calculate the index of the temperature-to-radiance lookup 
Other Calibration
Information
None given.
Data Acquisition Methods
The BOREAS level-4c AVHRR-LAC images were acquired through the CCRS. The northwest corner has a distance (1109.76 km west, 7900.04 km north) from the origin (95°W and 0°N) of the LCC coordinate.
The pixel size is exactly 1 kin. 
Spatial Resolution
Beforeanygeometriccorrections, the spatial resolutionvariesfrom 1.1km atnadirto approximately 2.5 x 6.8km at theextremeedgesof the scan. Thelevel-4bcomposite AVHRR-LAC imageshavehadgeometriccorrections appliedsothatthepixel sizeis 1 km in all bands. Only data with view zenith angles 57 degrees or less are used in the level-4c product. • Missing data mask values are 0 or 255. Not applicable for image data.
Projection
Sample Data Record
Data Organization
Data Granularity
The smallest unit of data for the level-4c AVHRR-LAC composite is the set of parameters for a given compositing period. The image files contain 1,200 pixels in each of 1,200 lines. Each pixel value in files 1 through 8 is contained in a 2-byte (16-bit) field ordered as most significant (high-order) byte first. Thus, each image line (file record) is 2,400 bytes in length. Files 9 and 10 (the masks) for each period are single-byte images with each line containing 1,200 bytes of data. The images are oriented such that pixel 1, line 1 is in the upper left-hand comer (i.e., northwest) of the screen display. Pixels and lines progress from left to right and top to bottom so that pixel n, line n is in the lower right-hand comer. or snow on the ground. In channel 4, atmospheric water vapor and surface emissivity are the main effects to be corrected for. The rationale and processing sequence are described in Cihlar, et al. (1996) . The major difference between the BOREAS level-3b product and the input data for this product is the projection (the input data for the level-4c product are in the LCC projection). Daily level-3b products were combined to select the most cloud-free pixel during the 10-day compositing period. By definition, this is the pixel with the maximum NDVI value. Once a pixel is selected, it is retained in the composite image, as are the three associated angles, NDVI, and the date when the pixel was imaged. The level-4b data are further processed to create the level-4c data set, as described in Section 9.2.
Data
8.2.2
Data
Processing Sequence The level-4c processing sequence is called Atmosphere, Bidirectional and Contamination Corrections of CCRS (ABC3) and is described in more detail in Cihlar, et al. (1996 Cihlar, et al. ( , 1997 .
Processing Steps
Step 1: Top-of-the-Atmosphere (TOA) reflectance TOA reflectance for channel 1 or 2 is calculated from the corrected TOA radiance, L*(new), with the formula given by Teillet (1992) . Values of gain G and offset O were calculated with consideration of postlannch sensor degradation (Teillet and Holben, 1994).
Step 2: Atmospheric correction of AVHRR channels 1 and 2 The SMAC algorithm was used in the processing.
The processing was carried out assuming water content of 2.3 g/cm2 and ozone content 0.319 cm-atm. A constant value of 0.05 was used for optical depth at 550 nm. The corrections were computed on a pixel basis using solar zenith, view zenith, and relative azimuth channels.
Step 3: Identification of contaminated pixels A new procedure called CECANT was developed to identify the 'contaminated' pixels; i.e., pixels where the surface vegetation or soil signal is obscured (Cihlar, 1996) . The procedure is based on the high sensitivity of NDVI to the presence of clouds, aerosol and snow. NDVImax(i,j,t) andNDVIa(i,j,t) werecalculated usingthe FASIRmodelof Sellerset al. (1994) , which approximates theseasonal NDVI curvewith athird-orderFouriertransform.Beforethe computation, missingNDVI valuesbetweenfirst andlastmeasurements werereplacedthroughlinear interpolationafterfinding the seasonal peakfor eachpixel, usingtherationaleandalgorithmof Cihlar andHowarth (1994) .A constant valueof 0.30wasusedfor C1. Theupperandlower limits for R and Z weredeterminedseparately for eachcomposite periodusingR andZ histograms (Cihlar, 1996) . Using thesethresholds, a cloudmaskwaspreparedfor eachcompositeperiod.
Step 4: Corrections for bidirectional reflectance effects in channels 1 and 2 The model of Roujean, et al. (1992) as modified by Wu, et al. (1995) was used to characterize the seasonal BRDF for each cover type. Land cover-dependent model coefficients were derived (Li, et al., 1995) using a map of Canada with a pixel size of 1 km prepared with AVHRR data (Pokrant, 1991) . Only cloud-free pixels were included in the derivation of the model coefficients, and no bidirectional corrections for snow-or ice-covered areas were made. The resulting models were used to compute channel 1 and 2 reflectance for view zenith of 0 degrees and solar zenith of 45 degrees.
Step 5: Replacement of contaminated pixels for AVHRR channels 1 and 2 Two cases were recognized: pixels contaminated either during or at the end of the growing season. For pixels contaminated during the growing season, the new values were found through linear interpolation for both channels 1 and 2. At the end of the growing season, it was assumed that the annual trajectory for individual channels as well as for NDVI could be approximated by a second-degree polynomial.
The polynomial was fitted to the plot of corrected reflectance for all clear-sky periods, starting with the first clear-sky composite period after 1-Aug. After determining the best fit coefficients, the new values were calculated using the polynomial coefficients to replace contaminated pixels in each channel prior to the first clear pixel or after the last such pixel.
Step 6: NDVI processing Because of imperfections in the bidirectional corrections of channels 1 and 2, the NDVI computed from atmospherically corrected NDVI were also retained. However, corrections for solar zenith angle were desirable in view of the known dependence of the NDVI on the solar zenith angle. The coefficients of Sellers, et al. (1994) were used for the various land cover classes. The new set of NDVI values was then computed for a reference solar zenith angle of 45 degrees based on the equations of Sellers, et al. (1994) . The NDVI values for the missing or contaminated pixels were interpolated as in
Step 5 above.
Step 7: Channel 4 correction The modified split window method of Coll, et al. (1994) was used which accounts for both atmospheric and surface emissivity effects. Coefficients estimating atmospheric effects were derived by Coll, et al. (1994) , alpha and beta were obtained from Figure 2 in Coll, et al.. Surface emissivity was estimated using a log-linear relationship between NDVI and emissivity; the emissivity coefficients were derived from literature data. The formulas and coefficients were: Cihlar et al., 1996 and 
10.2.2
Confidence Level/Accuracy Judgment An evaluation of the resulting data set (Cihlar et al., 1996) showed significant improvement in the consistency and reduced noise in the data compared to level-4b. However, the level-4c data set does not approximate a single-date image closely enough and is therefore not a sound substitute for single-date, near-nadir images where such uncontaminated images are available and where neither timeliness nor the multitemporal observations are required.
Measurement Error for Parameters
Refer to level-3b and level-4b product specifications.
10.2.4
Additional Quality Assessments Level-4c products are also assessed through seasonal statistics (comparison of mean values per compositing period of various parameters); see Cihlar, et al. (1996) . 
Data
Data Access
The level-4c AVHRR-LAC 10-day composite images are available from the Earth Observing System Data and Information System (EOSDIS) Oak Ridge National Laboratory (ORNL) Distributed Active Archive Center (DAAC).
Contact Information
For BOREAS data and documentation please contact:
ORNL DAAC User Services None. 
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